ABSTRACT. In contrast to climacteric fruits, in which ethylene is known to be pivotal, the regulation of ripening in non-climacteric fruits is not well understood. The strawberry is a typical example of a non-climacteric fruit, which has been used as a model system of these types of fruit. In this study, the effect of exogenous ethephon on the expression of ethylene biosynthesis and signaling genes, FaERF2 and FaACO1, was analyzed in the Fragaria ananassa cultivar Camino Real by quantitative real-time polymerase chain reaction, and the physicochemical and phytochemical characteristics of fruits were evaluated in field trials and postharvest tests. Transcript accumulation was influenced by exogenous treatment with ethephon, which affected the pattern of gene expression during different stages of growth and fruit development, with the highest expression occurring during postharvest tests. In addition, ethephon significantly influenced the phytochemical profile of sugars, anthocyanins, phenolic compounds, and vitamin C contents both in the field-and postharvesttreated fruits at different stages. These results indicate that ethylene regulates the phenylpropanoid maturation pathway in strawberry fruit.
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INTRODUCTION
Strawberries are one of the most economically important fruits (Quesada et al., 2009) and their consumption has rapidly increased (Ji et al., 2012 ) mainly due to improvements in their flavor and nutritional quality (Symons et al., 2012) . The strawberry is a non-climacteric fruit, which is a member of the Rosaceae family. It is the only representative of this family that shows fast herbaceous and perennial growth, a fast reproductive cycle, and easy propagation for genetic transformation. Furthermore, it harbors a small genome of ~240 Mb in size, which offers advantages for research, and is a good model for use in biotechnological studies (Shulaev et al., 2011) .
Ethylene is primarily related to the ripening of climacteric fruits (Symons et al., 2012) , but its importance in non-climacteric fruit should also be considered. Non-climacteric fruits are able to synthesize ethylene; therefore, the involvement of this hormone in physiological and molecular events has been reported during strawberry development and ripening (Trainotti et al., 2005; Villarreal et al., 2010; Merchante et al., 2013; Sun et al., 2013) .
The introduction of exogenous ethylene in fruits of the strawberry cultivars Toyonoka and Camarosa during their white stage increased anthocyanin, sugar content, and polygalacturonase activity (Villarreal et al., 2010; Sun et al., 2013) , while treatment with 1-methylcyclopropene (1-MCP), a cyclic ethylene analog, had the opposite effect (Villarreal et al., 2010) .
Some genes related to ethylene signaling and biosynthesis are present both in climacteric and non-climacteric fruits. ETR and ERS encode the first subfamily of ethylene receptor proteins (ETR), which are located in the membrane of endoplasmic reticulum (Shakeel et al., 2013) . ERF encodes an ethylene response transcription factor, which is located in the nucleus, and ACC oxidase, coded by ACO, is a cytosolic enzyme that converts 1-aminocyclopropane-1-carboxylic acid (ACC) to yield ethylene and CO 2 (Trainotti et al., 2005; Bombarely et al., 2010; Zhao and Guo, 2011) .
In the Fragaria x ananassa Duch (Fa) cultivar Chandler, FaETR1 and FaETR2 were found to be more responsive to exogenous ethylene treatment during the early stages of fruit development (white fruits). On the other hand, FaERS1 was found to have the highest response in red fruits (Trainotti et al., 2005) . This indicates that either the ethylene receptors differ from those found in climacteric fruits or that they have different functions in non-climacteric fruits (Tian et al., 2000) . A significant increase in the FaACO1 transcript was also detected after treatment of fruits with ethylene (Trainotti et al., 2005) . Phytochemical and molecular analyses showed that different cultivars respond differently to the application of exogenous plant growth regulators. In addition, available data so far exclude the existence of a unique regulatory model for all fruits, or of a single growth regulator, that has a positive role in non-climacteric ripening fruit (Trainotti et al., 2005) .
Strawberry perishability is problematic during production, harvesting, and storage. Therefore, knowledge about fruit ripening might lead to better postharvest handling and an increase in fruit production (Symons et al., 2012) . To investigate the role of ethylene in fruit of the Fragaria x ananassa Duch. cultivar Camino Real at different stages of development, target gene expression and physicochemical and phytochemical characteristics were evaluated.
MATERIAL AND METHODS

Plant material
Strawberry plants (Fragaria x ananassa Duch. cultivar Camino Real) were grown from May to December 2012, outdoors at a commercial property under plastic cover, in Ponta Grossa city, PR state, latitude 24°59.082'S, longitude 50°15.903'W and altitude 912 m (GPS BAK/Model BK-GPS 7008 DTBC). Fruits were treated and analyzed during four developmental stages: green (7 days after anthesis -DAA), white (17 days DAA), pink (21 days DAA), and red (24 days DAA).
Ethylene treatment
The fruits were injected with water or ethephon (100 µL 2 mM 2-chloroethylphosphonic acid, Ethrel 720 Bayer diluted in 2% ethanol solution), which were applied directly into the receptacle of the fruits attached to the plant (field test) or after harvest (postharvest test) and then maintained under laboratory conditions of 20 ± 2 °C. Molecular analyses was performed at 0, 4, and 24 h posttreatment. The whole fruits (receptacles plus achenes) were collected and frozen in liquid nitrogen and stored at -80°C prior to total RNA extraction. Physicochemical analyses were performed 0, 24, and 48 h after treatment. The fruit pulps were frozen in a -30°C freezer until analysis.
Molecular analysis
RNA isolation and cDNA synthesis
For total RNA extraction, 100 mg of crushed strawberry whole fruits (three fruits in triplicate) were treated with Plant RNA Reagent (Ambion ® ) and 2 µL Turbo DNA Free TM (Ambion, Life Technologies, CA, USA), according to the manufacturer protocol. RNA integrity and purity were analyzed by electrophoresis on 1.0% (w/v) agarose gel, and at A 260 /A 280 rate, respectively. cDNA was obtained using RevertAid H Minus First Strand cDNA Synthesis kit (Thermo Scientific, USA), with 1 µg RNA and oligodT, following the manufacturer protocol.
Relative quantitative real-time polymerase chain reaction (RT-qPCR) analysis RT-qPCR was performed on a LightCycler ® Nano platform (Roche Diagnostics GmbH, Mannheim, Germany), using 2 µL cDNA in a system containing 1 µL forward and reverse primer (10 µM), 10 µL FastStart Essential DNA Green Master 2X (Roche), in a final volume of 20 µL. The following program was used: pre-incubation for 10 min at 95°C, followed by 45 cycles of 20 s at 95°C, 20 s at 60°C, and 20 s at 72°C.
Gene-specific primer sequences were as follows: FaERF2 (Bombarely et al., 2010) , FaACO1 (forward: 5'-TGCTTTTGTTGCGAAATCAG-3'; reverse: 5'-ACCAAGTCCACTTCCAC CAG-3'). Primers specific for actin (Chai et al., 2011; Sun et al., 2013) and the intergenic region 26S-18S (Cumplido-Laso et al., 2012) were used as internal standards. Data obtained were analyzed using the qPCR instrument software version 1.0 (LightCycler Nano System, 2011).
Physico-and phytochemical analysis
Physicochemical analyses were performed using nine fruits and phytochemical analyses where made with a sample containing 30 fruits, and were performed in triplicate. The following physicochemical features of fresh pulps were evaluated: 1) firmness, using an Instrutherm DD200 penetrometer (8-mm tip diameter, expressed in Newton, N); 2) epidermis surface color (expressed as Hue angle, H°), using a Minolta CR 310 colorimeter (Mcguire, 1992) ; 3) soluble solids (SS °Brix) (AOAC, 2002); and 4) titratable acidity (expressed as TA % citric acid) (AOAC, 2002) . The following phytochemical parameters of thawed fruit pulps were analyzed: 1) phenolic compounds (expressed as mg of gallic acid/100 g fresh pulp weight) according to the Folin-Ciocalteau method, using a calibration curve with gallic acid as the standard (Singleton and Rossi, 1965) ; 2) anthocyanins (expressed as mg cianidin-3-glycoside/100 g fresh pulp weight), by the differential pH method at 520-700 nm in a spectrophotometer (Shimadzu) (Giusti and Wrolstad, 2003) ; 3) vitamin C (expressed as mg ascorbic acid/100 g pulp), using the Tillmans method (AOAC, 2002); and 4) total sugars (g/100 g), by the phenol-sulfuric method, using a calibration curve with glucose as the standard (Dubois et al., 1956 ).
Experimental design and statistical analysis
Physiological analyses were conducted independently. For each analysis, three technical repetitions were performed. The experimental design was completely randomized with 24 treatments arranged in a 2 x 4 x 3 factorial design (treated and untreated fruits; stages of development; time after treatment application). The physiological results were submitted to analysis of variance (ANOVA), and the significance of the comparison between means was assessed by the Tukey test at P ≤ 0.05, using the statistical computer program SAS ® 9.1.3. The results of relative quantification analysis of gene transcripts (FaERF2, and FaACO1) were obtained using the software version 1.0 of the qPCR instrument (LightCycler ® Nano System, 2011).
RESULTS
The effect of exogenous ethylene treatment on strawberry fruits at different stages of development was monitored by RT-qPCR analysis of FaERF2 and FaACO1 expression and by physiological analyses.
Effect of exogenous ethylene on FaERF2 and FaACO1 expression in strawberries
Ethephon treatment promoted accumulation of the FaERF2 transcript in fruit during green, white, and pink stages after 4 and 24 h of treatment. There was an increase (~50-fold) in FaERF2 gene expression in ethephon-treated fruit within 24 h compared to that observed at 0 h and in the control, both in white and pink fruits ( Figure 1A ). Conversely, ethephon had only a minimal effect on FaERF2 expression in the green and red stages.
There was a 100-fold increase in FaACO1 expression in white fruits after 24 h of treatment ( Figure 1B) . The same level of FaACO1 gene expression was observed across all fruit development stages, except for the white stage, in which expression increased independently of ethylene treatment ( Figure 1B) . In general, the highest level of this transcript was observed in ethylenetreated fruits after 24 h of treatment. All selected genes were more highly expressed during the white stage and were decreased in the subsequent ripening stages. 
Effect of postharvest application of ethylene on FaERF2 and FaACO1 gene expression
When fruits were harvested and treated with ethephon (postharvest treatment), a profile similar to that described above was observed.
FaERF2 was highly expressed in white control fruits, and reduced significantly as the fruit ripened ( Figure 1C ). Ethephon appeared to have little effect on FaERF2 expression during the early stages of development, but it effect decreases during ripening.
Expression of FaACO1 in detached treated fruits was similar to that observed in fruits that remained on the vine; increased expression was found in the white stage, which decreased in the pink stage and subsequently increased in the red stage ( Figure 1D ). Ethephon was found to have a significant effect when the white and red fruits were analyzed after 4 h of treatment. Increased transcript levels were observed in both the white (15 fold) and red stages (91.8 fold) at 4 h compared to those in the control.
Effect of exogenous ethylene on physiological characteristics of strawberry fruits
Field assay
As fruits ripeed, the skin color intensified as the Hue angle (H°) decreased (Figure 2A) . At 0 h, the H° value decreased from106.95 ± 0.64 in green fruit to 28.10 ± 3.54 in the red stage control fruit. Green-ethephon-treated fruits showed a reduced H° within 48 h compared to that observed in the control fruits ( Figure 2A ). No significant interaction was found between ethephon treatment and fruit firmness (data not shown). Ethephon promoted an increase in the soluble solids levels (SS) in white fruit within 48 h of treatment (6.43 ± 0.06 °Brix) compared to that observed in the control (4.83 ± 0.94 °Brix) and in red fruit within 24 h (7.73 ± 0.21°Brix) compared to control (6.57 ± 0.11 °Brix) ( Figure 3A ). Titratable acidity (TA) was affected by ethephon injection, as a lower value was found at some stages, mainly in white fruits ( Figure 3C ). The role of ethylene in sugar accumulation became evident from the onset of fruit ripening, and a higher total sugar content was observed in the white ethephon-treated fruits compared to the controls over time ( Figure 4A ). Even though no difference was observed between treated and control pink fruit, there was an accumulation of sugar in the samples over time ( Figure 4A ). Anthocyanins were not found in green fruits (data not shown), but they were found to accumulate during ripening ( Figure 4C ). Regardless of ethephon application, there was a steady increase in the accumulation of anthocyanin during the different stages; reaching medianvalues of total anthocyanin content of 76.13 mg/100 g and 92.82 mg/100 g, at 24 and 48 h in red fruits, respectively. A significant effect of exogenous ethephon was observed on pink and red fruits compared to their respective controls ( Figure 4C ). Ethylene was found to have a significant effect on the phenolic compound content. Accumulation was observed after 48 h in green ethephon-treated fruits (550.01 ± 6.20 mg/100 g) and during the white stage (371.32 ± 12.62 mg/100 g), compared to their controls (145.80 ±6.40 mg/100 g in green fruit and 73.71 ± 1.34 mg /100 g in white fruit) ( Figure 5A ). The level of phenolic compounds reduced as the fruit maturated; however, it increased from 24 to 48 h in all stages. The vitamin C content increased significantly during fruit ripening ( Figure 5C ). However, the highest concentration was observed at 0 h after treatment in pink and red fruits (87.81 ± 5.16 mg/100 g) in comparison to that observed in controls (69.96 ± 2.82 mg/100 g) ( Figure 5C ). 
Postharvest assay
Ethephon treatment did not affect fruit color (data not shown). In general, regardless of the treatment, the loss of firmness was accelerated by growth and maturation, and was 57.13 ± 4.12 N in green fruit and 7.76 ± 0.22 N in red fruit at 0 h ( Figure 2B ). However, green ethephon-treated fruit had a higher firmness value after 48 h (56.04 ± 1.03 N), compared to the control (40.53 ± 1.94 N) ( Figure 2B ). Overall, regardless of the treatment, there was an increase in the level of SS between maturity stages. Ethephon led to a significant increase of 5.80 ± 0.10°Brix in SS levels in white fruit compared to that observed in the control (5.0 ± 0.10°Brix), as well as in red fruit (6.4 ± 0.10°Brix) compared to the control (5.93 ± 0.11°Brix) at 0 h ( Figure 3B ). The same value was obtained when fruits were treated with ethephon in the pink stage postharvest ( Figure 3B ). The level of SS increased in field-treated fruits dependent on the maturation stage. An average of 7°Brix was found for treated red fruits, compared to that obtained in postharvest treated fruits (average value of 6.3°Brix). This was probably due to their attachment to the plant ( Figure 3A) . Acidity levels decreased during maturation and significant differences were observed within 48 h in fruit treated with ethephon during the first three stages of development ( Figure 3D ). The acidity of fruits remained constant both in field and postharvest assays ( Figure 3C and D) . When analyzing the total sugar content, fruit treated with ethephon at 0 h accumulated more total sugars in the early stages (3.92 ± 0.32 g/100 g in green fruit and 4.62 ± 0.28 g/100 g in white fruit) compared to their respective controls (2.55 ± 0.29 g/100 g in green fruit and 2.69 ± 0.48 g/100 g in white fruit) ( Figure 4B ). Reduced sugar levels were observed during the pink and red stages and were dependent on the time of application ( Figure 4B ). Higher total sugar content was observed under field compared to postharvest conditions ( Figure 4A and B) . The total anthocyanin content increased during fruit ripening and was dependent on the time of application. Red fruits treated with ethephon accumulated more anthocyanins at different evaluation periods than did their controls ( Figure 4D ). However, a higher average anthocyanin level, which increased 2.45-fold, was observed when red fruits were treated in the field when compared to postharvest tests ( Figure 4C and D). The phenolic compound content gradually decreased until the end of maturation ( Figure  5B ) and, with the exception of red fruits, was independent of ethephon treatment. The highest level of phenolic compounds was found in green fruits at 0 h and was 122.88 mg/100 g ( Figure 5B ).
A significant increase in vitamin C content was observed as fruit maturated, showing a significant difference at 0 h (62.39 mg/100 g) in pink treated fruit, compared to that observed in the control (38.65 ± 5.53 mg/100 g), and in the red treated fruit at 0 h (87.81 ± 5.16 mg/100 g) compared that observed in the control (69.96 ± 2.82 mg/100 g) ( Figure 5D ). In general, the results of the two tests that measured vitamin C content in fruits followed a similar pattern ( Figure 5C and D), and showed that ethephon seems to have little influence on the induction of vitamin C synthesis.
DISCUSSION
Fruit ripening is a complex event that involves the complementary action of hormones in the metabolic changes that occur during maturation. Little is known about ripening and the associated signaling pathways in non-climacteric fruits (Giovannoni, 2004 , Merchante et al., 2013 . Although strawberry is a non-climacteric fruit, ethylene is produced in limited amounts during ripening and could affect gene expression and maturation (Trainotti et al., 2005; Villarreal et al., 2010; Merchante et al., 2013) .
Tranotti et al (2005) evaluated the effect of exogenous ethylene on strawberry development and ripening and found a good correlation between the expression of genes involved in the ethylene signaling pathway, leading to speculation about the pathways activated by ethylene. Bombarelli et al. (2010) previously reported the expression profile of genes involved in auxin, ethylene, and brassinosteroid signaling pathways during fruit ripening. Previously, we used qRT-PCR to analyze the expression profiles of FaETR1 and FaERS1 in response to exogenous ethylene during three developmental stages in the Fragaria x ananassa Duch. cultivar Camino Real (Ayub et al., in press ). The pattern of FaETR1 and FaERS1 receptor expression showed the same profile in both field and postharvest tests as that described for cultivar Chandler, in which an increase was observed during the white stage, which was or was not elicited by ethylene (Ayub et al., in press, Trainotti et al, 2005) . According to Tian et al. (2000) , non-climacteric fruit can have different ethylene receptors and/or receivers, which may have different regulatory functions.
The FaERF2 and FaACO1 transcription factors, which encode components of the ethylene biosynthetic pathway, were highly expressed in the white stage under both conditions. This suggests that exogenous ethylene may not control the expression of these genes during this stage as all receptors/transcription factor/genes under investigation were highly expressed. The FaACO1 gene transcript was expressed in fruit of different stages in both assays; however, the highest level of expression was observed in the postharvest assay. Trainotti et al. (2005) observed increased expression of FaACO1 in white and red fruit within 24 h, which is consistent with the results of the present postharvest study, in which the highest accumulation of transcript was observed within 4 h. Merchante et al. (2013) also showed that there was higher expression of FaACO1 gene receptacles in the white and red stages.
In this study, the pattern of gene expression during strawberry ripening was stage dependent, whereby the largest change in gene expressed occurred in white fruits during the growing stage. This result reflects changes in gene expression throughout the entire strawberry fruit (achenes plus receptacle), which can be difficult to interpret because of the sample heterogeneity. Taken together, the results have shown that in the Fragaria ananassa cultivar. Camino real, exogenous ethylene has no effect on the expression of genes involved in ethylene signaling, whereas endogenous ethylene promotes whole fruit ripening. In general, exogenous ethephon treatment influenced the levels of total sugars, anthocyanins, phenolic compounds, and vitamin C in strawberries at different stages of maturation during field sampling. These results were compared to the postharvest analyses, when fruit development continued under conditions that were favorable to it, even after harvest. However, fruits accumulated the highest level of total sugars during vine development, compared to that accumulated postharvest. This is mainly because strawberries accumulate sugar that is imported from the leaves during ripening (Villarreal et al., 2010) . The starch reserves of the fruit make an important contribution to the sugar content of some fruit (Souleyre et al., 2004) . Those authors observed starch accumulation in the early stages of strawberry maturation, which was rapidly degraded during fruit ripening. In our analysis, fully grown and developed fruits accumulated more sugars in response to ethephon in both trials. One possible source of simple sugars is from the degradation of cell wall components (Villarreal et al., 2010) . If these sugars came from cell-wall polymers, this may indicate that ethylene influences changes in cell-wall hydrolases during the postharvest period (Villarreal et al., 2010) , which may also occur in treated fruits attached to the plant.
Strawberries are a source of phenolic compounds such as flavonoids, phenolic acid derivatives, and anthocyanins, which are all synthesized by the phenylpropanoid pathway (Muñoz et al., 2011) , in which phenylalanine ammonialyase (PAL) is the key enzyme (Singh et al., 2010) . A slight increase in the anthocyanin content in postharvest red fruits treated with ethephon was observed. Villarreal et al. (2010) observed an increase in anthocyanin in strawberries treated with ethephon during the white stage, which suggests that ethylene can stimulate anthocyanin accumulation and chlorophyll degradation in strawberries. In addition, increased PAL activity was observed in fruit treated with ethephon (Villarreal et al., 2010) . Fruits at different ripening stages may have different thresholds to ethylene sensitivity (Tian et al., 2000) . In grapes, El-Kereamy et al. (2003) observed that anthocyanin levels were higher in ethylene-treated berries, suggesting that ethylene accelerates anthocyanin synthesis and berry color.
The amount and composition of phenolic compounds changes during strawberry ripening (Martínez et al., 2001) . In the present study, we observed two peaks of accumulation in green and white fruits treated with ethephon during the 48 h test in the field, which decreased constantly during ripening. Phenolic compounds produced by the phenylpropanoid pathway play an important role in the growth and development of plants as well as in their interaction with the environment (Singh et al., 2010) . Jiang et al. (2001) reported a direct correlation between PAL activity and phenolic compounds, since treatment of the strawberry cultivar Everest with an ethylene inhibitor (MCP-1) led to delayed anthocyanin and phenolic compound production. However, Villarreal et al. (2010) observed a significant increase in PAL activity and a decrease in the phenolic content during the ripening of white strawberries treated with ethephon, indicating that a direct correlation is lacking. However, molecular analyzes of the strawberry cultivar Camarosa during ripening led Muñoz et al. (2011) to observe higher PAL expression levels in green and red fruit compared to white. These data suggest that differences in the level of anthocyanins and phenolic compounds across stages in the present study may be related to PAL activity. Vitamin C content increased over time during growth and development of fruit (Lee and Kader, 2000) , and significant differences were observed following ethephon application at the later stages of fruit ripening. Postharvest treatment with ethrel can stimulate changes in ascorbic acid content, which influences total carbohydrate metabolism (Mehta et al., 1980) . The level of vitamin C in fruits and vegetables can be influenced by several factors, such as climatic conditions, cultural practices, maturity, harvesting methods, and post-harvest handling (Lee and Kader, 2000) .
The results of the present study show that ethylene can stimulate the expression of receptors (FaETR1 and FaERS1), transcription factors (FaERF2), and ethylene biosynthesis genes (FaACO1), and affect the phytochemical responses of this hormone during the regulation of biosynthetic pathways of sugars, anthocyanins, phenols, and vitamin C in strawberry. Taken together, these data show that ethylene can trigger these same physiological and biochemical responses during ripening of non-climacteric fruit.
